The site selection for bud and germ tube emergence has been studied in the dimorphic yeast Candida ahicans. The fluorescent dye Calcofluor was used to stain bud scars. Two different modes of site selection were observed in yeasts. On cells cultivated at 23-28 "C, buds emerged primarily at one end of the cell at adjacent sites suggesting a type of persistent memory. Sites selected on yeasts growing at 37 "C were non-adjacent and scattered over the cell. The pattern of bud emergence during resumption of budding from stationary phase, or after temperature shift between conditions, was not a simple transition between modes. During these transitions the budding pattern sequentially passed through non-adjacent and adjacent budding modes before establishing the pattern characteristic of the growth temperature. Germ tubes emerged in a non-adjacent pattern from cells gruwn to stationary phase at 28 "C. The higher frequency of nonadjacent emergence and the absence of sequential pattern changing in site selection for germ tubes suggested that non-adjacent site selection for germ tubes and buds might not be the same.
INTRODUCTION
Cells of Candida albicans are able to grow either as budding yeasts or hyphae. As a structure involved in the maintenance of these morphological forms, the cell wall has been the focus of many investigations. Biosynthesis of cell wall components and/or precursors and inter-and intramolecular relationships of components have been suggested as possible sites of morphogenetic regulation in C. albicans (Nickerson, 1963; Chattaway et al., 1973) . Hyphal, spherical and ellipsoidal growth forms result from a polarized extension (apical growth), uniform extension (spherical) or combination of the two (ellipsoidal growth) (see Discussion in FarkaS, 1979) .
During cellular morphogenesis, the regulation of the mode of growth is preceded by a selection of the site at which growth will be initiated. In this report, the site selection for bud emergence has been examined in yeasts grown at two different temperatures and for germ tube emergence. These studies utilized fluorescent microscopy of cells stained with Calcofluor, a dye with an affinity for /?-linked hexopyranose polymers (Maeda & Ishida, 1967) . The results suggested that site selection is primarily temperature sensitive and may differ for yeast bud and germ tube formation.
METHODS
Organism and culture conditions. Candida ulbicuns B3 1 1 (Hasenclever) was maintained on yeast extract-peptoneglucose (YEPG) agar plates. Cultures were grown in the defined minimal medium supplemented with amino acids described by Lee et al. (1975) . All cultures were grown in a gyratory incubator shaker at 18@-200 r.p.m. at 28 "C or 37 "C. For yeast growth at 37 "C, the pH of the medium was adjusted from 7.4 to 4.5 (Mitchell & Soll, 1979~) . For growth resumption experiments, stationary phase yeast cells grown in liquid medium were centrifuged and resuspended at 2-5 x lo7 cells ml-* in fresh medium (Chaffin & Sogin, 1976) . In germ tube cultures, the extent of morphological conversion was monitored by microscopy as previously described (Chaffin & Sogin, 1976) , except that cells were suspended in fluorescent dye. Exponential cultures were obtained by diluting an exponential culture into fresh medium at 4-10 x 104 cells mll . Measurements were made on cultures after seven to eight populgtion doublings and at least two population doublings before stationary phase. 
Fluorescent microscopy and time-lapse photomicroscopy.
For fluorescent microscopy, cells were collected from culture by centrifugation and were resuspended in 0.1 % (v/v) Calcofluor ST (gift from American Cyanamid Co., Wayne, N. J., USA) or primulin (0.1 mg ml-1) (Cassone et al., 1973) . Cells were viewed with a Zeiss Standard RA microscope equipped for fluorescence. Exciter filters BG38, BG12 and UG1 and barrier filter insert 47 were used. Cells in each field examined were counted for age and/or location of buds or germ tube with respect to bud scars. Many fields were examined for each determination. Photographs were taken using Kodak Tri-X film and a 35 mm camera attachment. Latex beads of known diameter (Sigma) were also photographed and all pictures and prints made at the same magnification.
For time-lapse photomicroscopy, cells were grown at 23°C on YEPG plates. Cells from the plate were resuspended in sterile 0.9% (w/v) NaCl and allowed to settle on the surface of agar on a microscope slide (Hartwell & Unger, 1977) . Photographs were taken using Kodak Tri-X film and a Zeiss Standard RA microscope equipped with a 35 mm camera.
Statistical analyses. Comparison of site selection between different conditions utilized Student's t distribution and Duncan's multiple range test. The Chi-square (x2) test was used with some observations. In all cases values from standard statistical tables used P = 0-05.
RESULTS

Localization of site of bud emergence by time-lapse photomicroscopy
Time-lapse photomicroscopy was utilized to observe the site of bud emergence through several cell division cycles of cells growing at 23 "C on solid medium. Of the 52 buds observed, 90% emerged at the same end of the cell as the previous bud. Eight of the cells observed were followed for four or more cell division cycles. The position of emergence of the first bud on daughter cells with respect to the birth pole was observed. For the majority of daughters (30 of 42), the end at which the first bud emerged and the birth end were the same. These observations were consistent with an ellipsoidal yeast with multipolar budding, i.e. each bud emerges at a different site on the mother cell surface (Beran, 1968) .
Fluorescent staining patterns
Two fluorescent dyes, primulin and Calcofluor, have been used to stain reproductive scars in yeast (Beran, 1968; Hayashibe & Katohda, 1973; Sloat et al., 1981) . Both dyes produce fluorescent cells in C . albicans (Cassone et al., 1973; Mitchell & Soll, 19796; Soll & Mitchell, 1983;  W. L. Chaffin, unpublished results). Using Calcofluor, Soll and co-workers (Mitchell & Soll, 19796; Soll & Mitchell, 1983 ) report a lightly staining septal region at the mother cell-bud junction early in bud emergence which subsequently converts to a brightly staining septum. Cells grown in defined liquid medium were stained with each dye. On many cells, small rings were observed adjacent to a bud ( Fig. 1 a, 6) . For a few parent/daughter combinations in which the daughter remained with the larger parent cell, a ring was observed on the parent just below the bud. These small rings were located in positions consistent with the site of bud scars predicted from the time lapse photomicroscopy and consistent with observations of Saccharomyces cerevisiae, the most studied multipolar budding yeast (Beran, 1968) . Calcofluor, which appeared to give a more intense fluorescence and less diffuse image, was used in all subsequent experiments.
Bud scar distribution on growing and stationary phase yeasts
The proportion of cells in growing and stationary phase cultures exhibiting a budding history at one or both ends was determined. In stationary phase cultures grown at 28 "C, 85 % of the cells with two or more bud scars were observed to have those scars at the same end (Table 1) . Similarly, in exponential cultures, 94% of the cells with evidence of two or more budding cycles were observed to have all budding events at the same end ( Table 1) . There was no significant difference between the proportion of cells with scars located at one end in exponential and stationary phase cultures. The frequency of cells with scars clustered at one end was somewhat reduced in cultures grown at 28 "C with an initial medium pH of 4.5. Bud scars clustered at one end of the cell are shown in Fig. l(a, 6, g) . Fig. 1 . Fluorescent photomicrographs showing the pattern of site selection for yeasts growing at different temperatures and germ tubes. Cells were stained with Calcofluor and photographed as described in Methods. (a, b) Yeasts were cultivated at 28 "C. Bud scars were located primarily at one end of the cell and new buds emerged adjacent to previous scars. Some multiply scarred cells showed scars at both ends (b). (c-e) Yeasts were grown at 37 "C. Many of the second buds were initiated away from the site of the first bud (c). Multiply scarred cells showed a scattered pattern of site selection (d) as well as both adjacent and scattered scars (e). (f, g) Yeasts were grown to stationary phase at 28 "C and resuspended in fresh medium at 37 "C as described in Methods. Germ tubes emerged in positions opposite (f) and lateral (9) to bud scars from yeast growth. Arrows show the location of poorly fluorescent buds (a, b). The bar marker represents 2 pm. Very different bud scar patterns were observed among cells from exponentially growing and stationary phase cultures incubated at 37 "C. Only 17% of the exponential population and 16% of the stationary phase population with evidence of two or more budding cycles showed scars clustered at one end (Table 1 ). The majority of cells which had initiated at least two cycles had bud scars which were not clustered. There was no significant difference between the proportion of cells with non-adjacent bud scars when exponential and stationary phase cultures were compared. However, there was a significant difference when bud scar patterns from cells grown at 28 "C were compared to yeast cells grown at 37 "C.
Parental cells that have completed one budding cycle are present in greater numbers than cells with multiple bud scars (W. L. Chaffin, unpublished results) . This frequency coupled with the high proportion of cells with non-adjacent scars suggested that at 37 "C many cells must initiate, their second bud at a site away from the first bud. A cell with a second bud initiated at the opposite end from the first bud is shown in Fig. l(c) . The location of scars on older parents grown at 37 "C suggested a less ordered budding site sequence than that observed at lower temperatures. Rather than being distributed in clusters at one end or both ends of the cell, bud scars on cells grown at 37 "C appeared to be scattered over the surface (Fig. 1 d) . Some cells with multiple bud scars showed both adjacent and scattered scars ( Fig. le) .
Bud scar distribution of yeasts having bipolar scar pattern
Cells on which scars were not clustered at one end were further characterized in stationary phase populations grown at 28 "C ( Table 2) . These cells had scars located at both ends. Cells with two or more scars comprised about 20% of the population, but only about one-tenth of this group had scars at both ends. If two or more scars were located at the same end, the scars were clustered or appeared adjacent. Scars on both ends were more frequently observed on parent cells which had completed at least three cell division cycles.
Table 2. Characteristics of cells with non-adjacent bud scars
Cells were grown at 28 "C in liquid defined medium to stationary phase and stained with Calcofluor as described in Methods. All cells with a non-adjacent pattern of bud scars in each microscopic field examined were tabulated.
Parameter Measurement
Number of cells observed
44
Percentage cells with one scar at opposite end 88 Average age of cells with one scar at opposite end Average age of cells with two or more scars at each end Range of scars per cell 3.4 5.2 2-6* * Cells with more than six scars were observed in the population, but were not in the fields tabulated for this sample.
Table 3. Distribution of bud and germ tube sites during outgrowth of stationary phase yeasts
Cells were grown to stationary phase in liquid defined media at 28 "C, pH 7.4, or 37 "C, pH 4.5. Cells were then inoculated into fresh medium under various conditions to resume growth either as budding yeasts or germ tubes. After 180-205 min of outgrowth, cells were stained with Calcofluor and the location of emerging buds or germ tubes was determined as described in Methods. Observations from independent cultures were averaged. t Only cells with germ tubes were counted.
$ Only cells with buds less than one half the diameter of the parent cell were counted.
6 On cells with more than one germ tube, the position of the longer was tabulated.
I The location of the emerging bud was tabulated as adjacent or non-adjacent to a previous scar irrespective of the scar distribution of the cell.
Bud and germ tube site selection during outgrowth of stationary phase of yeasts
Based on the previous observations, two simple patterns for site selection during the resumption of budding growth were considered. If the site selection mechanism did not remain operative during stationary phase, or was rapidly inactivated by growth conditions, then the budding pattern should be characteristic of the conditions of growth resumption. On the other hand, if the mechanism for site selection remained operative during stationary phase and was not rapidly inactivated by different conditions, then the budding pattern should show a transition between the pattern associated with the growth conditions of the stationary phase cells and with the conditions for resuming growth. The former possibility was examined first (Table 3) . When yeasts grown to stationary phase at 28°C resumed growth at the same Table 4 
. Bud site selection during resumption of yeast growth
Yeasts cells were grown to stationary phase in liquid defined medium at 28 "C, pH 7.4, or 37 "C, pH 4.5. Cells were inoculated into fresh medium at either temperature and stained with Calcofluor at intervals following reinitiation of growth as described in Methods.
Temperature
Time after Inoculum growth of growth reinitiation temperature reinitiation of growth ("C) ( "a (min) The location of the emerging bud was tabulated as adjacent or non-adjacent to a previous scar irrespective of the scar distribution of the cell. Only cells with buds less than one half the diameter of the parent cell were included in the determinations. t Only cells with buds less than one half the diameter of the parent cell were counted.
$ All cells were counted.
temperature, approximately 60% of the buds on scarred cells emerged adjacent to a scar, whereas when growth was reinitiated at the higher temperature, about 50% of the buds in scarred cells emerged adjacent to a scar. Similar patterns were observed when yeast grown at 37 "C resumed yeast growth at 28 "C or 37 "C. The distributions were thus not characteristic of either growth condition and were more variable than previously determined.
Because the bud scar pattern did not reflect the conditions of culture used to induce resumption of growth, experiments to investigate the second possibility, which would reflect a transition between modes, were carried out. The budding pattern was observed at intervals after resuspension of cells in fresh medium ( Table 4 ). The budding pattern changed between intervals. In cultures resuming growth at 28 "C, the percentage of buds emerging adjacent to a bud scar increased during the transition to a distribution similar to that observed in cultures growing at 28 "C. Cells resuming growth at 37 "C also were observed to change the distribution frequency toward adjacent sites, although yeasts in growing cultures under the same conditions showed a pattern of non-adjacent budding (Table 1 ). In order to display the non-adjacent budding pattern observed in cultures growing at 37 "C, cells would have to reverse this pattern. This reversal was observed in cells grown at 28 "C and resuspended at 37 "C ( Table 4) . At the later observation times the non-adjacent pattern was predominant.
Yeast cells grown to stationary phase at 25 "C will form germ tubes when resuspended and diluted in fresh medium (PH 7.4) at 37 "C. By four hours, more than 90% of the cells form germ tubes. The orientation of germ tube emergence with respect to the bud scar(s) from yeast growth was examined. The fluorescent scads) present on the stationary phase cells persisted during the period of germ tube formation. Ninety-five percent of the germ tubes emerged at sites which were not adjacent to previous budding sites ( Table 2) . The frequency was the same if site selection was observed early or late during conversion. Germ tube formation was initiated in positions that were lateral (Fig. 1 g) or opposite (Fig. 1 f) to bud scars. The site selection of germ tube emergence was significantly different from the budding pattern at 28 "C. In addition, the frequency of non-adjacent germ tube emergence was greater than the frequency of non-adjacent budding at 37 "C. Since yeasts grown at 37 "C did not consistently form high numbers of germ tubes, the site selection for germ tube emergence was not determined for cells with non-adjacent budding histories. . 2. Site selection for buds following temperature shift. Cells growing at 28 "C, pH 7.4, or 37 "C,  pH 4 .5, were shifted to the other condition and the pattern of emerging buds was determined at intervals following the shift. Only cells with buds less than one half the diameter of the parent cell and with at least one scar were included in the determination of site selection. 0 , Cells shifted from 28 "C, pH 7.4 to 37 "C, pH 4.5; 0 , cells shifted from 37 "C, pH 4.5 to 28 "C, pH 7.4.
Bud site selection following temperature shijit
The initial response of cells with an established pattern of bud site selection to conditions favouring a different pattern was observed. Cultures growing at 28 "C, pH 7.4 were shifted to 37 "C, pH 4.5 and vice versa. The site selection of emerging buds was determined following the shift (Fig. 2) . The frequency of budded cells initially decreased then increased in each shifted culture (data not shown). Cells in cultures shifted to 28 "C showed a progressive increase in the frequency of buds emerging in adjacent positions. This simple transition between budding patterns was not observed in cultures shifted to 37 "C. Initially, the frequency of adjacent site selection decreased and non-adjacent site selection characteristic of the new conditions increased. However, this change was transitory and the frequency of adjacent site selection returned to preshift frequencies. Examination of the budding pattern on cells in stationary phase from a shifted culture showed the non-adjacent budding pattern. Consequently, the budding pattern was changed to the non-adjacent mode, characteristic of growth at 37 "C.
DISCUSSION
Site selection for bud emergence is an event in cellular morphogenesis which occurs with each yeast cell division cycle, whereas site selection for germ tube formation is one event in morphological morphogenesis which occurs once for each hyphal element. While the identity(s) of the functional entity(s) controlling site selection is not known, =*Vera1 of its characteristics can be demonstrated or deduced.
During asexual growth, most of the enlargement is restricted to the bud or to the germ tube and elongating hypha. Consequently, one aspect of site selection is that it activates and limits cell wall biosynthesis to specific locations.
In the range 23-28 "C, the budding site selector in C. albicans distinguished the poles or ends of the long axis of the ellipsoidal shaped yeasts. Time-lapse photomicroscopy and bud scar histories demonstrated that the ends of the cells usually served as sites for bud formation (Table  1, Fig. 1) . In most cells growing at these temperatures, consecutive site selections occurred at the same end of the cell and adjacent to each other. These observations suggested that some memory or element of the budding site selector persisted between cell divisions, remained in place throughout the cell cycle and identified the pole of bud formation. Since some cells showed evidence of budding at both ends, such memory was not immutably fixed at one end.However, even in these cells memory persisted through several cell division cycles ( Table 2 ). In cells growing on solid medium, new daughter cells were able to distinguish the birth end of the cell. First buds emerged at the birth end in 70% of the cells observed.
Stationary phase cells accumulate in an unbudded, presumably G1 cell cycle stage (Chaffin & Sogin, 1976; Wain et al., 1976; Sol1 & Bedell, 1978) . Cells emerging from stationary phase did not show the same specificity of bud site selection as in the previous growth state (Tables 1 and  3) . Consequently, the site selector did not persist once active cell division ceased and apparently had to be re-established when growth was resumed.
Some characteristics of the site selector in cells growing at 37 "C appeared to be different. At 37 "C bud scars were observed at both ends of the long axis as well as along the short axis (Table  1 , Fig. 1 ). From the observations in this report it was not possible to distinguish between specific non-adjacent and random site selection. As was observed for the site selector at lower temperatures, the site selector at 37 "C was lost when cells entered a nonproliferative resting state in stationary phase. When cells resumed growth, the initial budding pattern was not associated with either mode of site selection (Tables 3 and 4) .
Actively dividing cells with one site selector were able to switch to the alternative pattern (Fig.  2) . Cells shifted down from 37°C to 28°C rapidly acquired the pattern of adjacent, polar budding. However, cells shifted up, did not respond in the same way. A rapid, transitory shift to the non-adjacent pattern was observed which was followed by a return to the adjacent pattern. Ultimately, the non-adjacent pattern was acquired as indicated by the budding history of stationary phase cells. A comparison of the frequencies of adjacent budding for cells grown at 28 "C at pH 7.4 and 4.5 with the frequency of adjacent budding for cells grown at 37 "C at pH 4.5 suggested that growth temperatore was an important factor in determining the pattern observed.
Studies with other yeasts suggest that both modes of site selection should be considered active processes. That is, non-adjacent site selection is not the result of a non-functional site selection process or vice versa. Temperature-sensitive mutants of S. cerevisiae defective in the CDC24 gene and Mc mutants of Wangiella dermtitidis which appear to have lost site selection have some common phenotypic properties (Sloat et al., 1981; Szaniszlo et al., 1976; Roberts & Szaniszlo, 1978 , 1980 Roberts et al., 1979; Jacobs, 1983) . These include inhibition of budding, delocalization of some cell wall polysaccharides and spherical growth. Consequently, the loss of the site selection function might be expected to result in loss of budding and formation of large cells. A change in the budding pattern with growth conditions has been observed in other yeasts. In W . dermatitidis, the frequency of budding at the same site is increased at 37 "C compared to the frequency observed at 25 "C (C. W. Jacobs & P. J. Szaniszlo, personal communication). When S . cerevisiae, is grown in chemostat cultures, the percentage of cells with scars at the same pole decreased as the doubling time increased (Thompson & Wheals, 1980) . Over the range of doubling times (1 10-150 min) observed for C. albicans under the conditions used in this study, the decrease reported for S. cerevisiae is approximately 5%.
Any model for the relationship between the budding patterns observed must consider the following observations. (1) Two modes of site selection were observed, each characteristic of the culture growth condition. (2) Cells for which the conditions of cultivation to stationary phase and growth resumption were the same and which had not been incubated under the second condition, transitorily displayed an uncharacteristic mode of site selection. (3) Each mode could be expressed under non-characteristic conditions several hours after transfer. These observations eliminate simple condition-specific expression and function and rapid inactivation of function under non-characteristic conditions as reasonable hypotheses. Several models, including features of constitutive or sequential synthesis of site selection factor(s), selective synthesis or inhibition, can be formulated. Among these, one of the more simple is the following: when presented with a stimulus to bud (e.g. fresh medium, new conditions), cells are programmed to go through non-adjacent and adjacent budding modes before establishing the characteristic pattern. Such a model could be modified by proposing that the adjacent mode is dominant to the non-adjacent and, after programmed synthesis, continued expression is dependent on conditions.
When cells of C. albicans are recovered following subcutaneous inoculation into mice, germ tubes are observed to emerge at any surface location (Mackenzie, 1964) . In this report, germ tubes were observed to emerge along both the short and long axes of cells. The sites selected for germ tube formation were not adjacent to previous sites of bud emergence (Table 3) . Although non-adjacent site selection was observed for both bud and germ tube emergence at 37 "C, three observations suggest that the site selectors for buds and germ tubes might not be the same. First, that aspect of site selection which activates cell wall biosynthesis is not identical. Hyphae grow by apical extension rather than by a combination of apical and spherical growth for buds (FarkaS, 1979) and there is a quantitative difference in cell wall constituents, particularly chitin (Chattaway et al., 1968) . In addition, a filament ring forms at the selected site in bud formation and distal to the selected site along the hypha in germ tube formation (Sol1 & Mitchell, 1983) . Although a temporal model has been proposed for the difference, this observation suggests that the interaction of the site selector and other localized phenomena differ in the two morphologies. Two differences in the non-adjacent site selection for buds and germ tubes were observed in this report. The frequency of non-adjacent site selection for germ tubes was higher than for buds. No sequential transition from non-adjacent to adjacent to non-adjacent site selection was observed. The frequency of non-adjacent site selection was the same throughout germination, unlike the changing pattern observed during initiation of budding growth. C. W. Jacobs and P. J. Szaniszlo are thanked for helpful discussions, and P. J. Szaniszlo and D. C. Straus are thanked for reading the manuscript.
